The composition, structure and formation features of the exogenous anomalous geochemical fields (AGFs) identified by lithochemical stream sediments (LSSs) are considered using the examples of the Dukat gold-silver ore-forming system and the deposit with the same name. The research was carried out in the Balygychan-Sugoy trough (Magadan region, north-east of Russia). Areal geochemical surveys on the 1:200,000 and 1:50,000 scales were conducted. Exogenous AGFs of basic element indicators of all known mineralization types were studied. It is shown that the surveys on the 1:200,000 scale are characterized by simplicity, relative depth and the possibility to obtain information operatively about the metallogeny of the area as a whole. At the same time, the anomalies were revealed as a result of surveys often making a relatively poor component composition and low contrast compared with ores. The violation of quantitative and sometimes qualitative relationships can be seen between elements, especially those related to gold-silver mineralization. In this situation, the most informative are surveys of LSSs on the 1:50,000 scale. The AGFs were revealed as a result of their performance to have a richer component composition and high contrast, conforming to different ore types. It is shown that, while prospecting for gold-silver mineralization with LSSs in cryolithogenesis zone conditions, the binding forms study of mineralization element indicators is effective. In watercourse heads, where alluvium is practically absent, mosses are proposed for sampling, as they hold the sandy silt material firmly. The obtained results are recommended for use at all stages of prospecting, not only in the north-east of Russia but also in other similar climatic regions.
Introduction
The Dukat gold-silver ore-forming system (OFS) is located in the north-east of Russian territory in the central part of the Balygychan-Sugoy trough (Omsukchan ore district, Magadan region). There are also unique silver reserves of the Dukat gold-silver deposit here as well as a number of smaller gold-silver (Au-Ag), silver-polymetallic (Ag-Pb) and tin-silver (Sn-Ag) deposits. The Omsukchan ore district is one of the largest in the Magadan region by the number of Au and Ag deposits, occupying the third position in gold reserves and the fourth place for silver among the Russian regions [1, 2] . Only one Dukat deposit contains about 17 thousand tons of silver [3] . However, despite the fact that the Magadan region's reserves of gold and silver occupy leading positions, the mineral raw material demand for the extraction of these noble metals is growing every year, and the number of easily discovered deposits in this territory is constantly decreasing. The problem of revaluating old deposits and identifying new ones is becoming real. (1) (2) (3) (4) . Constructed by the authors of the present paper using the data from [3, 57, 71] . 1 and 2-inner zone and subzones: 1-inherited (gold-silver-copper-porphyry) and 2-newly formed (gold-silver-copper-molybdenumporphyry); 3-outer zone (gold-silver), sectors: O-Okhotsk, P-Penzhina, A-Anadyr and CC-Central Chukotka; 4-flank zones: WO-West Okhotsk (gold-porphyry), EC-East Chukotka (gold-silver and gold-porphyry); 5-Siberian platform; 6-Preriphean median arrays (Okh-Okhotsk, Om-Omolon and E-Eskimo); 7-Upper Yana-Chukotka folded area (Mesozoic); 8-Koryak-Kamchatka folded area (Cenozoic); 9-sector boundaries of the OCVB outer zones; and 10-the Dukat Au-Ag ore-forming system (OFS).
The Dukat Au-Ag OFS, located in the central part of the Balygychan-Sugoy trough, is a long-lived early Cretaceous volcano-tectonic depression [3] . Its folded base is composed of Upper Yana complex Triassic terrigenous rocks. The depression is made up of lower Cretaceous vulcanites of Askold suite rhyolite formation, which flank the coal-bearing lower Cretaceous molasse of the Omsukchan suite. The early Cretaceous rhyolite formation is represented mainly by ultra-acid effusive rocks with very high potassium alkalinity (rhyolites and rhyolitic ignimbrites) lying with a sharp angular unconformity on the rocks of the Upper Yana complex. The Omsukchan suite is represented by siltstone series, coal-bearing argillites, sandstones, gravelites and conglomerates and includes layers and lenses of coals. Late Cretaceous sediments (the overlaid part) are formed by effusive rocks of the Kakhovka lower-upper Cretaceous and Shorokh upper Cretaceous suites. Kakhovka suite vulcanites are represented by andesites and dacites. They rest with stratigraphic unconformity on the rocks of the Omsukchan suite. Shorokh suite vulcanites are represented by rhyolites and rhyolitic ignimbrites. Among the intrusive formations are early Cretaceous diorite porphyrites and subvolcanic rhyolites; late Cretaceous granites, granodiorites, diorites, quartz diorites, diorite porphyrites and gabbro; and late Cretaceous subvolcanic rhyolites, nevadites, felsites, andesites, diorite porphyritess and diorites ( Figure 2 ). (1) (2) (3) (4) . Constructed by the authors of the present paper using the data from [3, 57, 71] . 1 and 2-inner zone and subzones: 1-inherited (gold-silver-copper-porphyry) and 2-newly formed (gold-silver-copper-molybdenum-porphyry); 3-outer zone (gold-silver), sectors: O-Okhotsk, P-Penzhina, A-Anadyr and CC-Central Chukotka; 4-flank zones: WO-West Okhotsk (gold-porphyry), EC-East Chukotka (gold-silver and gold-porphyry); 5-Siberian platform; 6-Preriphean median arrays (Okh-Okhotsk, Om-Omolon and E-Eskimo); 7-Upper Yana-Chukotka folded area (Mesozoic); 8-Koryak-Kamchatka folded area (Cenozoic); 9-sector boundaries of the OCVB outer zones; and 10-the Dukat Au-Ag ore-forming system (OFS).
Geography and Climate
The main mountain structure of the research area is the Omsukchan ridge, located within the Balygychan-Sugoy interfluve (right tributaries of the Kolyma river). The relief is close to the Alpine type. The absolute peak levels are 1000-1600 m, and the relative excess is 400-600 m. The mountain slopes are steep (25-30°) . The mountains' peaks and slopes are covered with large-block eluvial-deluvial sediments with a capacity of up to 3-5 m. Their bottom is over covered with thick deluvial-colluvial sediments. The surface is swampy, and the exposure is poor [72, 73] .
The climate of the region is sharply continental. Winters are long and cold, and summers are short and hot. Atmospheric precipitates are distributed unevenly throughout the year. Most of them fall in the summer in the form of rain. Solid snow cover is established in late September-early October and finally disappears in late May and early June. The region is characterized by widespread permafrost development.
The hydro network of the research area belongs to the Kolyma and Viliga river basins. The main watercourses are the Omsukchan, Kakhovka, Dzhagyn, and Chapchik rivers. The valleys of the smaller rivers and streams flowing into them have a V-shaped transverse profile in the upper reaches. The width of these valleys reaches 100 m and that of the riverbeds 5 m at depths of 0.4-1.6 m. In the middle course, the valley profile is trapezoidal. The width of the valleys reaches 600-1000 m and that of the watercourses 30 m at a depth of 0.6 m. Most of the side streams (watercourses of the first-order) are temporary. The water temperature in summer rarely exceeds 4 °C, and in winter, the streams freeze at the bottom. The flora is typical of the mountain forest-tundra zone of the central Kolyma. Daurian larch forests grow in the valleys. The mountain slopes are covered with thickets of cedar elfin. At their peaks, the vegetation typical of areas of alpine tundra dominates. Mosses and lichens are widespread everywhere.
Research Methods

Methods of Geochemical Research
All the areal geochemical surveys of LSSs were performed according to standard techniques [16, 85] . Systematic lithochemical point sampling was carried out from loose alluvial sediments of actual watercourses (Figure 3 ). Figure 3 . A theoretical sampling scheme of 1:200,000 (a) and 1:50,000 (b) scale lithochemical stream sediments (LSS) surveys shown on a conventional map of the drainage system. 1-watercourses (blue lines), their order (Roman numerals) and their runoff direction (arrows); 2-sampling points (a-double; b-ordinary); and 3-the main river. Note: The actual alluvium sampling places of the LSS surveys on the 1:200,000 and 1:50,000 scales discussed in the present paper are shown in Figure  4 . Figure 3 . A theoretical sampling scheme of 1:200,000 (a) and 1:50,000 (b) scale lithochemical stream sediments (LSS) surveys shown on a conventional map of the drainage system. 1-watercourses (blue lines), their order (Roman numerals) and their runoff direction (arrows); 2-sampling points (a-double; b-ordinary); and 3-the main river. Note: The actual alluvium sampling places of the LSS surveys on the 1:200,000 and 1:50,000 scales discussed in the present paper are shown in Figure 4 . A survey on the 1:200,000 scale was performed by the Central Geochemical Expedition (Aleksandrov, Russia) under the leadership of G.I. Khorin and V.A. Lasman as part of the contract work with the production geological organization "Sevvostokgeologiya" (PGO "Sevvostokgeologiya", Magadan, Russia). The survey on the 1:50,000 scale and scientific and methodological works were carried out by the A.P. Vinogradov Institute of Geochemistry SB RAS (IGC SB RAS, Irkutsk, Russia) under the leadership of R.G. Kravtsova in the course of the research of IGC SB RAS and contracts with PGO "Sevvostokgeologiya". Since 2000, work on detailing, generalizing and comparing all the previously obtained data from the 1980s has been undertaken. Mineralogical and geochemical studies of the alluvium material composition and the mineral and non-mineral binding forms of the main element indicators of mineralization of different types, primarily Au-Ag, were continued. For the purpose of increasing the efficiency of ore prospecting through LSSs in cryolithogenesis zone conditions, bryolithochemical research was performed. The processing of all the previously and currently obtained data, their generalization and interpretation, the plotting of mono-and polyelement geochemical maps and detailed mineralogical and geochemical research were implemented by the authors.
In the areal geochemical surveys of LSSs at the 1:200,000 scale, the routes started at 50-100 m above the sampled watercourse mouths of senior-orders and ended in the stream mouths of the second-order, and in rare cases, the first-order, with the selected endpoints of the double samples located 20-30 m from one another. The distance between the selection points of ordinary samples was 500 m, the average distance between the sampled riverbeds was 2 km and the sampling density was 1 sample/km 2 . The location of the alluvium samples in the LSS survey on the 1:200,000 scale is shown in Figure 4a . In the areal geochemical survey of LSSs on the 1:50,000 scale, the routes started at 50-100 m above the sampled watercourse mouths of senior-orders and ended (whenever the material could be sampled) in the stream heads of the first-order. The sampling step was 200-250 m, the average distance between the sampled riverbeds was 0.5-0.7 km and the sampling density was 6-10 samples/km 2 . The location of the alluvium samples in the survey of LSSs on the 1:50,000 scale is shown in Figure 4b . In all cases, samples were taken from the bed's dry part surface of a temporary or permanent watercourse. Depending on the predominant material granulometric fraction, whether sand-gravel or sand (rarely sandy silt), alluvium fractions were sampled. The alluvium sample weight was 200-300 g. All the samples were thoroughly dried and sieved through a sieve with a 1 mm mesh. Abrasion was performed mechanically in steel cups on a vibrating grinder to the state of powder (~200 mesh).
During the scientific methodical work, bryolithochemical research was implemented and the material composition of alluvial sediments from watercourses draining Au-Ag ore zones was explicitly studied. The bryolithochemical method is based on the sampling of aquatic and semiaquatic mosses growing on the banks and beds of the watercourse heads, together with the silt and sandy silt material that is firmly held by the moss cushion. All the selected bryolithochemical samples were first burnt to ashes in a muffle furnace and then (to purify them finally from the sandy fraction) were additionally sieved through a sieve with a 0.1 mm mesh and further analyzed for a wide range of elements. When performing the detailed investigation of the distribution and binding forms of mineralization element indicators in the watercourses' loose sediments, bulk alluvium mineralogical-geochemical samples weighing up to 6 kg were taken, sieved into different fractions (+2 mm, −2 mm ÷ +1 mm, −1.0 ÷ +0.25 mm, and −0.25 mm) and mounted in briquette polished sections. Further investigation of this material was carried out using the polarizing light microscope POLAR 3 (Micromed, Saint Petersburg, Russia) and the JXA-8200 SuperProbe electron probe microanalyzer (JEOL, Tokyo, Japan). 
Analysis Methods
The analysis of the geochemical samples obtained while performing the areal LSS surveys on the 1:200,000 and 1:50,000 scales and scientific-methodical works was carried out in different years in the analytical laboratories of the Central Geochemical Expedition (Aleksandrov, Russia) and IGC SB RAS (Irkutsk, Russia).
All the samples underwent spectral semiquantitative analysis (SSQA) for a wide range of elements according to the techniques in [16, 86, 87] . The method of sample spilling was used on spectrographs: the STE-1 (LOMO, Saint Petersburg, Russia) and DFS-8 (Kazan Optical and Mechanical Plant, Kazan, Russia) with an attachment of USA-5 (Kazan Optical and Mechanical Plant, Kazan, Russia) and DFS-458S (Kazan Optical and Mechanical Plant, Kazan, Russia) with a 
All the samples underwent spectral semiquantitative analysis (SSQA) for a wide range of elements according to the techniques in [16, 86, 87] . The method of sample spilling was used on spectrographs: the STE-1 (LOMO, Saint Petersburg, Russia) and DFS-8 (Kazan Optical and Mechanical Plant, Kazan, Russia) with an attachment of USA-5 (Kazan Optical and Mechanical Plant, Kazan, Russia) and DFS-458S (Kazan Optical and Mechanical Plant, Kazan, Russia) with a multichannel analyzer of atomic emission spectra MAES (VMK-Optoelektronika, Novosibirsk, Russia) with photodiode lines.
Gold was determined through atomic absorption spectrometry with preliminary sample decomposition using an acid mixture and metal extraction using an organic sulphide solution [88, 89] . The contents were measured using atomic absorption spectrometers M-303, M-403 and AAnalyst-800 (Perkin-Elmer, Waltham, MA, USA) with detection limits (ppm) of 0.004, 0.002 and 0.002, respectively. The method of atomic absorption spectrometry in its electro-thermal option with a graphite furnace atomizer HGA-72 (Perkin-Elmer, Waltham, MA, USA) was used for the determination of low Au contents (detailed investigations). Measurements were carried out using the spectrometer M-503 (Perkin-Elmer, Waltham, MA, USA). This method's detection limit of Au is 0.0002 ppm.
Mercury, while conducting areal LSS surveys on the 1:200,000 scale, was analyzed through the traditional method of SSQA. We used a sample-spilling method on the spectrograph STE-1 with USA-5 attachment, and this element's detection limit was 1 ppm. Later, during areal LSS surveys on the 1:50,000 scale and detailed research, the atomic absorption method with acid decomposition was used with the techniques in [90, 91] . The measurements were carried out on an atomic absorption spectrophotometer RAF-1M (Kazgeofizpribor, Kazan, Russia) and afterwards the mercury analyzer RA-915+ with the attachment RP-91S (Lumex, Saint Petersburg, Russia), the element detection limit in both cases being 0.005 ppm. Low Hg contents were analyzed using the atomic fluorescence method [92] . An atomic fluorescence spectrometer PSA 10.003 (P.S. Analytical, Orpington, UK) with a hydride generator was used for the measurements. The Hg detection limit was 0.0002 ppm.
Substance composition determination was performed through local analysis methods using electron probe microanalysis (EPMA) on the JXA-8200 SuperProbe (JEOL Ltd., Tokyo, Japan) microanalyzer in accordance with the available techniques [93] [94] [95] [96] . Grain surfaces were examined through a scanning electron microscope JXA-8200 SuperProbe (JEOL Ltd., Tokyo, Japan) with backscattered and secondary electrons to detect inclusions containing ore elements. With the help of an energy dispersive spectrometer EX-84055MU (JEOL Ltd., Tokyo, Japan), the inclusion compositions found were identified. The elements' content change on the surface was studied on the distribution maps of the elements' X-ray radiation obtained using wave spectrometers. The chemical composition of the inclusions found was determined by the survey monitoring and recalculating the recorded relative intensities in the concentration using the JXA-8200 SuperProbe microanalyzer software (Version 01.42, JEOL Ltd., Tokyo, Japan). In determining the composition of finely dispersed gold inclusions with a size smaller than the locality of the EPMA method, matrix effects were taken into account following the method of content trends [95, 96] .
Methods of Information Mathematical Processing
To process a large amount of analytical data, mathematical methods were widely used. To obtain preliminary information on the distribution of chemical elements, as well as to obtain different mathematical data (statistics, pair correlation, etc.), the Golden Software Surfer (Version 11.2.848, Golden Software, Llc, Golden, CO, USA) and Microsoft Office Excel 2003 software (Version 11.8169.8172) were used.
In the study of the exogenous AGF composition and structure identified by LSSs, the plotting of mono-and polyelement geochemical maps was executed using the multidimensional field method [97, 98] . The main operations in the analysis of AGFs and geochemical map plotting were automated. To divide the analytical data sets into a system of homogeneous quantities, an automatic classification was developed, which helped to identify the most common combinations of ore elements in the samples at their close quantitative values. Monoelement geochemical fields were plotted and chemical element combinations (classes) were sought. The class separation (element association) is based on the percentage of the contrast ratio (CR) with regard to the dispersion measures and the dependence between the CRs of various elements (CR = C i /C b , where C i is the element content and C b the background). Then, the multidimensional field was plotted. The final result is presented in the form of mono-and polyelement AGF maps. The multidimensional field method has a number of advantages. It allows one to make a series of geochemical maps with a solution that is common to all elements; has a separate classification (selecting the group of elements that are typomorphic for this type of ores, this phase or this stage); shows only genetically homogeneous associations; contains mappings, in which we used the main (leading) elements; and so on.
During the study of exogenous AGFs identified through LSSs, an important role was given to the C b selection. The C b that we accepted for the main element indicators of mineralization considered in this work are shown in Table 1 (column 1) and, in general, are comparable with the average contents calculated for rocks of average and acidic composition for the earth's crust (see Table 1 , columns 2-6). The same C b values were accepted for endogenous geochemical fields. The aim is to have the possibility to compare exogenous and endogenous AGFs, which is of great importance in the plotting and interpretation of geochemical maps. 
Results and Discussion
From 1981 to the present time, within the framework of the IGC SB RAS scientific research in close cooperation with industrial organizations of the Magadan region (north-east of Russia), complex scientific research has been conducted. A significant amount of informative material from the areal geochemical surveys of LSSs on the 1:200,000 and 1:50,000 scales has been summarized. The exogenous AGF composition and structure identified by LSSs have been studied. They have been compared with the composition of primary ores and endogenous geochemical fields. The main factors that affect the LSS formation in cryolithogenesis zone conditions have been revealed. The sampling technique of the watercourse heads, where there are no alluvial deposits in the territories of subarctic landscapes, has been developed. Additional mineralogical and geochemical criteria for the prediction, prospecting, and evaluation of ore mineralization for such territories have been proposed.
Lithochemical Stream Sediments in the AGF Study of the Dukat Gold-Silver Ore-Forming System and Associated Areas-Regional Forecast
The exogenous AGF study of the Dukat Au-Ag OFS identified by LSSs was based on regional survey data on the 1:200,000 scale, executed in the area within the two state sheets-the lower sheet part is P-56-XII and the upper sheet part is P-56-XVIII. This area covers the central part of the Balygychan-Sugoy trough, including the Dukat Au-Ag OFS (see Figures 1 and 2 ). The number of samples taken was more than 2500. See Figure 4a (Section 3.1) for the samples' location.
Exogenous AGFs of Au, Ag, As, Pb, Zn, Cu, Mo, W, Sn, and Bi were identified throughout the studied area. The main elements forming these fields are Ag, As, Pb, Zn, W, Sn and Bi. Weakly manifested are Cu, Mo and especially Au. With regard to such elements as Hg and Sb, when surveying LSSs on the 1:200,000 scale, no anomalies were revealed. Hg and Sb are elements for which the contents are difficult to detect through the traditional SSQA method. This is due to this method's insufficient limit for their detection-1 ppm for Hg and 20 ppm for Sb. Only a few points with content of 1 ppm (CR = 200) Hg and 20 ppm (CR = 100) Sb were observed. Based on such data, it is impossible to talk about any regularities in the distribution of these elements in LSSs.
Directly within the Dukat OFS, high-contrast exogenous AGFs form As (up to 2500/1250*), Pb (up to 3000/300), Ag (up to 30/300) and Bi (up to 25/250). Medium-contrast AGFs are characteristic of Sn (up to 100/50) and Zn (up to 1500/30). Cu (up to 100/10), Mo (up to 10/10) and W (up to 20/10) are manifested as low-contrast fields. When conducting surveys on the 1:200,000 scale, the anomalies of such a main element for Au-Ag mineralization as Au (up to 0.03/6) are manifested very poorly.
*Here and later in the text, in the numerator, the average element contents (ppm) are given and in the denominator the average values of their contrast ratios (see Section 3.3).
Gold in alluvial sediments of LSSs is practically not manifested in the considered territory ( Figure 5 ). Sporadic AGFs of low contrast (0.01-0.03 ppm, CR = 2-6) are observed. Attention should be paid to the fact that the Au anomaly of such a large Au-Ag deposit as the Dukat deposit is not especially different from those that form unprofitable Au-Ag prospects and objects that are in no way related to this type of mineralization.
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Gold in alluvial sediments of LSSs is practically not manifested in the considered territory ( Figure 5 ). Sporadic AGFs of low contrast (0.01-0.03 ppm, CR = 2-6) are observed. Attention should be paid to the fact that the Au anomaly of such a large Au-Ag deposit as the Dukat deposit is not especially different from those that form unprofitable Au-Ag prospects and objects that are in no way related to this type of mineralization. Silver is the most widely manifested element in the entire studied area ( Figure 6 ). This supports the unique metallogenic specialization of the considered territory as well as all of the OCVB outer zone for silver. Au-Ag, Ag-Pb and Sn-Ag ore objects located within the boundaries of the Dukat Au-Ag OFS and beyond this distinctly fix AGFs of high (10-30 ppm, CR = 100-300) and medium (1-10 ppm, CR = 10-100) Ag contrast. The maximum content of this element in the exogenous AGFs identified through LSSs is 5-30 ppm (CR = 50-300). These fields are related to the largest of the silver Au-Ag reserves in the Dukat deposit. Anomalies with content of 1-5 ppm (CR = 10-50) were identified in a circumferential direction of this deposit and in the areas of Au-Ag (Zharok), Ag-Pb (Fakel) and Sn-Ag (Shorokh and Finalny) prospects as well as the Ag-Pb deposits (Mechta and Tidid). Outside the Dukat OFS, such fields fix a number of Au-Ag and Sn-Ag prospects. They are partly manifested in the development area of the Sn ore objects. Low-contrast (0.3-1 ppm, CR = 3-10) Ag AGFs have the widest development. Silver is the most widely manifested element in the entire studied area ( Figure 6 ). This supports the unique metallogenic specialization of the considered territory as well as all of the OCVB outer zone for silver. Au-Ag, Ag-Pb and Sn-Ag ore objects located within the boundaries of the Dukat Au-Ag OFS and beyond this distinctly fix AGFs of high (10-30 ppm, CR = 100-300) and medium (1-10 ppm, CR = 10-100) Ag contrast. The maximum content of this element in the exogenous AGFs identified through LSSs is 5-30 ppm (CR = 50-300). These fields are related to the largest of the silver Au-Ag reserves in the Dukat deposit. Anomalies with content of 1-5 ppm (CR = 10-50) were identified in a circumferential direction of this deposit and in the areas of Au-Ag (Zharok), Ag-Pb (Fakel) and Sn-Ag (Shorokh and Finalny) prospects as well as the Ag-Pb deposits (Mechta and Tidid). Outside the Dukat OFS, such fields fix a number of Au-Ag and Sn-Ag prospects. They are partly manifested in the development area of the Sn ore objects. Low-contrast (0.3-1 ppm, CR = 3-10) Ag AGFs have the widest development. Arsenic, as well as Ag, is widely manifested over the entire area ( Figure 7 ), although its detection limit using the SSQA method is no better than 30 ppm. Directly within the Dukat Au-Ag OFS, the maximum As concentrations reach 200-2500 ppm, and the contrast is 100-1250. To the east of the Dukat OFS, the development area of the As AGFs increases significantly. Here, the As fields are related mainly to Sn, Sn-W and Mo-W and rarely to Sn-Ag objects. The contents of this element vary in the range of 30-500 ppm, and the contrast is 15-250. Moreover, AGFs with the maximum content of As (100-500 ppm) and contrast (CR = 50-250) are most often associated with development areas of prospects but with minimal content (30-100 ppm) and contrast (CR = 15-50) with deposits.
In general, it can be seen that the As fields' contrast in LSSs of deposits, prospects, and "ore-free" areas varies widely. The main factors affecting the As distribution, most probably, are the morphology of ore bodies and differences in their mineral composition. For example, exogenous AGFs of Au-Ag deposits and prospects, especially of such a giant as the Dukat Au-Ag deposit, are characterized by relatively low As contents. Ores belong to the vein type. Arsenic minerals are represented in them in a small quantity, mostly by sulphoarsenides (proustite and tennantite). These minerals are extremely unstable in hypergene environments. Entering watercourses, they are destroyed, part of the As transits into mobile water-soluble forms and is transported relatively short distances and the high-contrast fields are not formed.
The highest-contrast As anomalies are related to Ag-Pb, Sn-Ag and Sn deposits and prospects, in which one of the main minerals of As is arsenopyrite. Here, the area's arsenopyritization processes are widely manifested, related to the ore as well as the "ore-free" areas. In hypergene environments, the arsenopyrite is also unstable. It is fully oxidized and converted into mineral pitticite, soluble with difficulty and inactive in an aqueous medium, the development area of which in LSSs is comparable with the size of the areal arsenopyritization. Thus, high-contrast As anomalies are not related to Au-Ag deposits not only in the Dukat OFS but also beyond it. In addition, a significant part of such anomalies has no relation to profitable ore mineralization at all.
Lead in the studied area is most manifested in the LSSs of the Dukat OFS and in the south-east near its borders ( Figure 8 ). High-contrast AGFs with concentrations of 1000-3000 ppm (CR = 100-300) are related to the Tidid Ag-Pb deposit and the Dukat Au-Ag deposit. These fields were also identified in the Dukat flanks and in the Au-Ag prospects. Fields of less contrast (250-1000 ppm, CR = 25-100) are confined to such prospects as Au-Ag Zharok, Ag-Pb Fakel, Sn-Ag Finalny, Shorokh, and Severny. Outside the Dukat OFS, such contrast AGFs are almost not manifested. AGFs with Pb 100-250 ppm (CR = 10-25) are fixed by other ore objects, including the Mechta Ag-Pb deposit and the Nachalny and Yasnaya Polyana Ag-Pb prospects, Krasin and Barguzin Au-Ag prospects, Razny Sn-Ag prospect and, much less so, Sn objects. The low-contrast AGFs (30-100 ppm, CR = 3-10) are developed much more widely than the others. Within the Dukat OFS, they are mainly related to Sn-Ag deposits and prospects, beyond the Dukat OFS, with Sn mineralization. The main part of low-contrast Pb anomalies is associated with unprofitable ZDSM, which is manifested throughout the area.
Attention should be paid to the fact that the contrast of the fields related to some Au-Ag, Ag-Pb and even Sn-Ag prospects is higher than in the Mechta Ag-Pb deposit. This situation can be caused by a number of factors, such as the branching of the drainage system, the ore bodies' morphology, their position in relation to the draining streams and the sod cover of the watercourse heads (a barrier to the material transfer). In addition, the low contents, to some extent, reflect the level of the ore zones' erosion profile. For example, the upper ore intervals of Ag-Pb mineralization are not characteristic of high Pb content. In general, it can be seen that fields with Pb contents greater than 100 ppm (CR > 10) are confined to Au-Ag and Ag-Pb and rarely occur with Sn-Ag deposits and prospects. The relationship of contrast (CR = 10-100) and high-contrast (CR = 100-300) Pb AGFs with different ore objects is due to the fact that, in the series of vertical endogenous geochemical zonality, Ag-Pb mineralization takes an intermediate place between Au-Ag and Sn-Ag mineralization [56] . During the erosion of low ore horizons of Au-Ag ore objects and upper ore horizons of Sn-Ag ore objects by watercourses, the Ag-Pb ores will inevitably be affected.
Zinc is widely manifested throughout the study area ( Figure 9 ). Medium-contrast fields with contents of 500-1500 ppm (CR = 10-30) are developed, mainly in the southern part of the Dukat OFS and along the periphery to the north-east and south-east of it. Within the Dukat OFS, such fields tend to be attracted to Au-Ag (Dukat, Barguzin and Zharok) and Ag-Pb (Tidid and Fakel) deposits and prospects. Outside the system, exogenous Zn AGFs are related to a number of Au-Ag, Sn-Ag, and Sn prospects. Low-contrast fields with concentrations of 150-500 ppm and CR = 3-10 have maximum prevalence. They are identified both within the Dukat OFS and beyond it. Such AGFs are related to different ore objects. Most parts of the low-contrast Zn anomalies, as well as Pb, have no relation to deposits and prospects but are associated with unprofitable ZDSM.
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For exogenous AGFs of the Dukat Au-Ag OFSs and the ore objects related to it, the polymetallity and zonal construction are characteristic. In the process of the Dukat OFS's erosion, from the central part to the periphery, Ag geochemical associations are replaced by Ag-Pb then Sn-Ag. Predominantly, Ag element associations have local development and are manifested only at the Dukat Au-Ag deposit. The maximum contents here are typical of Ag and to a lesser extent of Pb and As. Such elements as Bi, Zn, Cu and Sn are weakly manifested. There is practically no Au, which does not allow the allocation of Au-Ag element associations that are characteristic of the deposit primary ores. The absence of Au and the strong appearance of Pb and Sn are not characteristic of typical epithermal Au-Ag mineralization. The unusually high Pb and Sn that occur can be explained by the fact that the sampled watercourses drain the middle-lower ore horizons of the deposit, where mainly Ag-Pb ores are manifested and Sn-Ag mineralization appears [56, 102] .
Ag-Pb and Sn-Ag associations are widely manifested throughout the studied area. Ag-Pb associations have an areal character of development. The highest concentrations of the main typomorphic elements (Ag, Pb and As) are confined to the flanks of the Dukat Au-Ag deposit and to the Ag-Pb objects on the periphery of the OFS with the same name. Such elements as Bi and Zn are manifested less, and even smaller amounts of Sn and Cu are evident. Sn-Ag associations are less developed, both on the periphery of the Dukat OFS and beyond it. Such associations are confined mainly to Sn-Ag objects. The highest contents are typical of As, Bi and Sn, relatively high for Pb and Ag and less high for Zn and Cu.
Outside the Dukat Au-Ag OFS, at the most eroded site compared with the depression area with the same name, Mo-W, Sn-W and Sn associations are widely manifested. They are confined mainly to Mo-W, Sn-W and Sn ore objects. For Mo-W and Sn-W associations, the main ones are Bi, Sn, As, W, and Mo. Pb and Zn are manifested to a lesser extent and Cu and Ag even less. For Sn element associations, high contents are characteristic of Sn, Bi and As. W, Zn, Cu, Mo and Pb are weakly manifested. It should be noted here that Sn mineralization is quite often accompanied by rare metal mineralization [78] .
In addition to the aforementioned associations related to ore mineralization, low-contrast element associations, mainly As, Bi, Ag, Zn, and Pb, related to ZDSM, are widespread throughout the area.
Summarizing the results of the small-scale geochemical survey of LSSs on the 1:200,000 scale on the territory of the Dukat Au-Ag OFS and associated areas, it can be argued that such surveys are the main method for the regional forecasting of minerals in actively denudating mountain-folded subarctic regions in the north-east of Russia. They are the best way to solve the problem of projected evaluation of large-scale areas in a relatively short time and at a minimal cost. They are characterized by simplicity, relative depth and the possibility to obtain information operatively about the geochemical peculiarities and metallogeny of the region as a whole. Ore elements associations, their typomorphic composition and the regional exogenous geochemical zonality revealed by the multidimensional field method reflect primarily the geochemical peculiarities of the studied area and the ore mineralization distribution pattern here. As can be seen from the survey results of LSSs on the 1:200,000 scale, the metallogenic specialization in the studied area is clearly manifested only in Ag, Pb and Sn. The situation is ambiguous for Au AGFs, the main element indicator, which is of main interest for the Au-Ag mineralization type. Metallogenic specialization for this element is not manifested.
Despite the positive aspects, surveys of LSSs on the 1:200,000 scale have significant drawbacks. The exogenous AGFs identified through them have a relatively poor component composition and low contrast. Not only quantitative but also qualitative relations are often violated. First of all, this situation is typical of anomalies related to Au-Ag deposits and prospects. Table 3 shows the overall assessment of the quality and quantity relations in a conjugated system of endogenous AGFs-exogenous AGFs-ore + primary halo → secondary halo → stream sediments-for ore objects of the Dukat Au-Ag OFS. It can be seen clearly that the main typomorphic element composition is simplified and that alien elements, not peculiar to a particular type of mineralization, appear and the contrast reduces, especially that of Au-Ag AGFs. It is most probable that all these features are due to erosion by watercourses of deposits and prospects at various-level horizons, which in turn leads to mixing and concentrating of ore material of different types of mineralization in alluvial sediments. Note: The denominator below the element shows the CR average values in the maximum anomalous geochemical fields. The elements given in parentheses were not observed constantly. Bold indicates the main typomorphic elements for each type of mineralization. In the column for the stream sediments, Sb is absent (due to the insufficient detection limit of the SSQA method).
All of the disadvantages listed above greatly complicate the study of the composition, structure and development scale of exogenous AGFs: their typification becomes difficult and, as a consequence, there is an unclear relationship with a specific type of mineralization as well as zonality identification-the main indicator used to assess the level of an area's erosion profile. It is obvious that it is necessary to carry out a more detailed LSS study.
As further research, performed in the area of the Dukat Au-Ag deposit and its flanks, has shown, the low contrast and poor component composition of the exogenous AGFs are related mainly to the watercourse sampling character. It is established that the most informative are the watercourse heads (streams of the first and second orders), which, in the surveying of LSSs on the 1:200,000 scale, are practically not sampled (see Section 3.1). In such situations, for the prospecting and evaluation of ore mineralization, primarily Au-Ag, in the conditions of cryolithogenesis zones, it is effective to perform surveys of LSSs on the 1:50,000 scale, in which all watercourses, including streams of the first-order, are sampled.
Lithochemical Stream Sediments in the AGF Study of the Dukat Gold-Silver Deposit-Prospecting and Evaluation
The study of exogenous AGFs identified by LSSs for the purpose of the prospecting and evaluation of Au-Ag mineralization was carried out on the basis of geochemical survey data at the 1:50,000 scale. This area covers the southern part of the Dukat Au-Ag OFS, including the Au-Ag deposit of the same name, as well as the associated area (see Figure 2 , Section 2.2). The number of samples taken was more than 600. See Figure 4b (Section 3.1) for the samples' location.
The exogenous AGFs of all the element indicators typical of ore mineralization in the Dukat Au-Ag OFS are distinctly manifested [56, 102] .
Gold is the most intensively manifested in LSSs directly related to the Dukat Au-Ag deposit (Figure 16 Silver at the considered site forms a very contrasting and quite large AGF development area (Figure 17 ). High-contrast Ag fields with contents of 10-100 ppm (CR = 100-1000) are clearly fixed within the unique Dukat Au-Ag deposit in the reserves of this metal as well as on its flanks. In addition, AGFs of such contrast are identified in the watershed of the Yagelny and Neponyatny streams. It should be noted that no ore objects have been identified on this watershed to date. The site may be promising in terms of silver mineralization detection. Exogenous fields of medium contrast with Ag content of 1-10 ppm (CR = 10-100) form smaller objects-the Nachalny and Fakel Ag-Pb prospects. Moving in the direction from the known ore objects, the contents in the LSSs gradually decrease and outside them usually do not exceed 1 ppm (CR < 10), which corresponds to low-contrast and near-background geochemical fields. Thus, higher levels of Ag concentrations in channel sediments of the area, as a rule, fix ore mineralization and depend directly on the scale of its occurrence. Silver at the considered site forms a very contrasting and quite large AGF development area (Figure 17 ). High-contrast Ag fields with contents of 10-100 ppm (CR = 100-1000) are clearly fixed within the unique Dukat Au-Ag deposit in the reserves of this metal as well as on its flanks. In addition, AGFs of such contrast are identified in the watershed of the Yagelny and Neponyatny streams. It should be noted that no ore objects have been identified on this watershed to date. The site may be promising in terms of silver mineralization detection. Exogenous fields of medium contrast with Ag content of 1-10 ppm (CR = 10-100) form smaller objects-the Nachalny and Fakel Ag-Pb prospects. Moving in the direction from the known ore objects, the contents in the LSSs gradually decrease and outside them usually do not exceed 1 ppm (CR < 10), which corresponds to low-contrast and near-background geochemical fields. Thus, higher levels of Ag concentrations in channel sediments of the area, as a rule, fix ore mineralization and depend directly on the scale of its occurrence. Mercury, like Ag, is quite widely manifested in the studied area ( Figure 18 ). High-contrast AGFs (0.5-1.5 ppm, CR = 100-300) are related directly to the Dukat Au-Ag deposit. Fields with lower contents (0.05-0.5 ppm) and medium contrast (CR = 10-100) were identified everywhere, including in the deposit, its flanks and ore-free areas. In LSSs of the Nachalny and Fakel Ag-Pb Silver at the considered site forms a very contrasting and quite large AGF development area (Figure 17 ). High-contrast Ag fields with contents of 10-100 ppm (CR = 100-1000) are clearly fixed within the unique Dukat Au-Ag deposit in the reserves of this metal as well as on its flanks. In addition, AGFs of such contrast are identified in the watershed of the Yagelny and Neponyatny streams. It should be noted that no ore objects have been identified on this watershed to date. The site may be promising in terms of silver mineralization detection. Exogenous fields of medium contrast with Ag content of 1-10 ppm (CR = 10-100) form smaller objects-the Nachalny and Fakel Ag-Pb prospects. Moving in the direction from the known ore objects, the contents in the LSSs gradually decrease and outside them usually do not exceed 1 ppm (CR < 10), which corresponds to low-contrast and near-background geochemical fields. Thus, higher levels of Ag concentrations in channel sediments of the area, as a rule, fix ore mineralization and depend directly on the scale of its occurrence. Mercury, like Ag, is quite widely manifested in the studied area ( Figure 18 ). High-contrast AGFs (0.5-1.5 ppm, CR = 100-300) are related directly to the Dukat Au-Ag deposit. Fields with lower contents (0.05-0.5 ppm) and medium contrast (CR = 10-100) were identified everywhere, including in the deposit, its flanks and ore-free areas. In LSSs of the Nachalny and Fakel Ag-Pb prospects with contents of 0.25-0.5 ppm, the field contrast does not exceed 50-100. Such a wide distribution of Hg anomalies in the LSSs of the area under consideration is probably due to the Mercury, like Ag, is quite widely manifested in the studied area ( Figure 18 ). High-contrast AGFs (0.5-1.5 ppm, CR = 100-300) are related directly to the Dukat Au-Ag deposit. Fields with lower contents (0.05-0.5 ppm) and medium contrast (CR = 10-100) were identified everywhere, including in the deposit, its flanks and ore-free areas. In LSSs of the Nachalny and Fakel Ag-Pb prospects with contents of 0.25-0.5 ppm, the field contrast does not exceed 50-100. Such a wide distribution of Hg anomalies in the LSSs of the area under consideration is probably due to the occurrence of non-mineral forms of this element. There is all the more reason for this as Hg's own mineral forms at the Dukat deposit were detected neither in ores [56, 81] nor in LSSs [29] . The extremely high mobility of Hg is well known. In the areas of an active tectonomagmatic process, it easily penetrates into the near-surface horizons along the fault zones and is sorbed by many minerals-ore and non-metallic ones. Hg is also fixed in ore minerals as an impurity, including the Dukat deposit [29, 56] . Based on all of the above, it can be argued that Hg can be transited far away by watercourses and that not all anomalies can be associated with ore mineralization.
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Tin, after Ag, is the second main element indicator of the Sn-Ag mineralization type, which is manifested only in the deep horizons and flanks of the Dukat Au-Ag deposit in the investigation area. Much more rarely, Sn occurs in Ag-Pb ores, mainly at depth, where it has relatively low concentrations. In this regard, Sn in LSSs is also weakly manifested, mainly in the form of low-contrast AGFs (6-20 ppm, CR = 3-10) (Figure 25 ). The anomalies of low contrast are revealed in watercourses draining both the Nachalny and Fakel Ag-Pb prospects and the Dukat Au-Ag deposit and its flanks to the east. Medium-contrast Sn AGFs with concentrations of 20-100 ppm (CR = 10-50) have the local propagation and are identified in the stream Brekchiya to the east of the field, which is related, apparently, to the Sn-Ag mineralization outcropping on its flanks.
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Bismuth, like Sn, is more typical of Sn-Ag ores than of Au-Ag and Ag-Pb. Bi is poorly manifested in alluvial sediments in the entire investigation area. It forms mainly low-contrast AGF with contents of 0.3-1 ppm (CR = 3-10) ( Figure 26 ). Concentrations increasing to 1-2 ppm (CR = 10-20) were observed locally. They were identified only in LSSs of streams draining the Nachalny Ag-Pb prospect and in LSSs of the Brekchiya stream to the east of the Dukat deposit, which is related, apparently, as well as to Sn, to the Sn-Ag mineralization outcropping on its flanks. As can be seen from the results of the survey of LSSs on the 1:50,000 scale, performed on the territory of the Dukat Au-Ag OFS's southern part, including the deposit with the same name, AGFs of Ag, Sb, As, Pb, Zn, Cu and, most importantly, Au and Hg have the maximum contrast and the largest area of development. All of the above elements are typomorphic of the Au-Ag and Ag-Pb mineralization types that are widely manifested here. The maximum anomalous concentrations are fixed in the alluvial sediments of the first-and second-order watercourses directly draining the ore zones. AGFs of Sn, Bi, Mo and W, characteristic of tin ore and rare-metal mineralization, which are practically absent in this area, are not manifested.
Sampling the watercourse heads in conditions of cryolithogenesis zones when performing a geochemical survey of LSSs on the 1:50,000 scale is more effective than taking only double samples at the stream mouths of the second-order, rarer than the first-order, as recommended for surveys on the 1:200,000 scale (see Subsection 3.1). Au and Hg are illustrative examples. In their concentration distribution in the alluvial sediments of the streams draining the Dukat deposit Au-Ag zones, clear patterns were identified. When passing from the first-order watercourse to the watercourse of each subsequent order, the content of these elements in the samples is sharply reduced ( Table 4 ). The highest concentrations of Au (maximum-0.45 ppm; average-0.078 ppm) and Hg (maximum-1.5 ppm; average-0.28 ppm) were found in the alluvium of the first-order watercourses directly eroding the Au-Ag ore zones. When these streams enter larger watercourses of the second-order, noticeable flow dilution and content decrease occur. The maximum (0.23 ppm) and average (0.041 ppm) Au contents reduce twice. For Hg, these values are even higher: the maximum contents (0.33 ppm) reduce by almost five times and the average (0.10 ppm) by almost three times. When considering the streams of the third-order, there is already a more significant fivefold reduction in both the maximum (0.090 ppm) and the average (0.017 ppm) Au concentrations with regard to the first-order watercourses. The maximum Hg contents (0.12 ppm) decrease by more than twelve times and the average (0.034 ppm) by eight times with regard to the first-order watercourses. As can be seen from the results of the survey of LSSs on the 1:50,000 scale, performed on the territory of the Dukat Au-Ag OFS's southern part, including the deposit with the same name, AGFs of Ag, Sb, As, Pb, Zn, Cu and, most importantly, Au and Hg have the maximum contrast and the largest area of development. All of the above elements are typomorphic of the Au-Ag and Ag-Pb mineralization types that are widely manifested here. The maximum anomalous concentrations are fixed in the alluvial sediments of the first-and second-order watercourses directly draining the ore zones. AGFs of Sn, Bi, Mo and W, characteristic of tin ore and rare-metal mineralization, which are practically absent in this area, are not manifested.
Sampling the watercourse heads in conditions of cryolithogenesis zones when performing a geochemical survey of LSSs on the 1:50,000 scale is more effective than taking only double samples at the stream mouths of the second-order, rarer than the first-order, as recommended for surveys on the 1:200,000 scale (see Section 3.1). Au and Hg are illustrative examples. In their concentration distribution in the alluvial sediments of the streams draining the Dukat deposit Au-Ag zones, clear patterns were identified. When passing from the first-order watercourse to the watercourse of each subsequent order, the content of these elements in the samples is sharply reduced ( Table 4 ). The highest concentrations of Au (maximum-0.45 ppm; average-0.078 ppm) and Hg (maximum-1.5 ppm; average-0.28 ppm) were found in the alluvium of the first-order watercourses directly eroding the Au-Ag ore zones. When these streams enter larger watercourses of the second-order, noticeable flow dilution and content decrease occur. The maximum (0.23 ppm) and average (0.041 ppm) Au contents reduce twice. For Hg, these values are even higher: the maximum contents (0.33 ppm) reduce by almost five times and the average (0.10 ppm) by almost three times. When considering the streams of the third-order, there is already a more significant fivefold reduction in both the maximum (0.090 ppm) and the average (0.017 ppm) Au concentrations with regard to the first-order watercourses. The maximum Hg contents (0.12 ppm) decrease by more than twelve times and the average (0.034 ppm) by eight times with regard to the first-order watercourses. Histograms, as seen in Figure 27 , provide a more visual representation of the Au and Hg content distribution depending on the order of the watercourse. It can clearly be seen in them that the maximum anomalous contents of Au > 0.05 ppm (CR > 10) and Hg > 0.1 ppm (CR > 20) are most often fixed in samples taken from watercourses of the first-order (frequency of a given content interval for Au-47%; for Hg-61%). Such contents exist more rarely in the alluvium of second-order watercourses (frequency for Au-30%; for Hg-48%) and extremely rarely in third-order watercourses (frequency for Au-7%; for Hg-8%). It should be noted that concentrations of Au > 0.1 ppm (CR > 20) and Hg > 0.2 ppm (CR > 40) in third-order watercourse sediments were not identified at all. The sampling efficiency of first-order watercourses in the conditions of cryolithogenesis zones for Au and Hg anomalies is revealing, and, as a consequence, a more reliable determination of AGFs belonging to a particular type of mineralization is obvious. Other researchers, when studying the Au stream sediments of Russian auriferous deposits also formed under the conditions of cryolithogenesis zones in the territories of the North Priamurye [20, 103] and Pre Kolyma regions [104] , have reached the same conclusion.
The typomorphic composition of exogenous AGFs (element associations) and their distribution patterns in space in the Dukat Au-Ag deposit and the associated area are shown in the polyelement geochemical map ( Figure 28 , Table 5 ).
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Nos. Ore Element Associations
Predominantly Ag and Au-Ag Predominantly Ag and Au-Ag element associations are distinctly fixed in the LSSs of the Dukat deposit. Spatially, they are combined with Ag-Pb and have a complex composition, which is related to the draining by watercourses not only in Au-Ag but also manifested here in Ag-Pb mineralization zones. Au-Ag associations with the maximum contents of the main typomorphic elements fix the most gold-rich central part of the deposit. High contents are typical of Ag and Pb and less high contents of Hg, Au, Zn and Cu. Such elements as As and Bi are almost not manifested. The main element contents are gradually reduced to the periphery with a simultaneous increase in the AGF development area. In their qualitative and quantitative composition, they are close to the Ag-Pb associations: the main typomorphic elements for the Ag-Pb mineralization type emerge in the first place. The concentrations of Ag, Pb, Cu, Hg, Au and Zn decrease. The concentrations of As, on the contrary, increase, and those of Bi remain almost unchanged. It is necessary to remember here that, for such an element indicator as Sb, due to the use of the SSQA method, it is not possible to detect concentrations of less than 30 ppm. Very few points were observed with contents of 30 ppm. They are confined to the contrast Au-Ag AGFs. Even such sporadic contents are very high for Sb (CR = 150), which confirms its existence in Au-Ag associations in one line with the main typomorphic elements.
From the centre to the periphery, Au-Ag element associations are replaced by Ag-Pb associations, which are widely manifested throughout the area. They are identified on the flanks of the Dukat deposit and in the area of Fakel and Nachalny Ag-Pb prospects. The associations with the highest element indicator concentrations of the Ag-Pb ore mineralization were identified in the watershed of the Yagelny and Neponyatny streams. This may be due to the unidentified latent Ag-Pb mineralization here. The highest concentrations are observed for As, Pb, Sb and Ag and elevated concentrations for Cu, Zn and Hg. Such elements as Bi and Sn are almost not manifested. The AGFs of the Fakel prospect are characterized by associations with lower contents of the above-mentioned elements. In the Nachalny Ag-Pb prospect, the Sb, Pb, Ag, As, Zn and Cu form the maximum concentrations in the associations. To lower degrees, Bi, Sn, and Hg are manifested.
The Ag-Pb element associations in the area's eastern part are changed by Sn-Ag. Due to the weakly manifested Sn-Ag mineralization type in the investigation area, these associations have local development, a small size and relatively low element contents. The maximum anomalous contents here are typical of basic typomorphic elements, such as Ag, Sn, As, Cu, Pb, Zn and Bi.
All the element associations related to ore mineralization are manifested against the background of the ZDSM. As can be seen from the polyelement geochemical maps, all the associations of ore elements detected within the considered area (predominantly Ag and Au-Ag, Ag-Pb and Sn-Ag) were identified more reliably when surveying LSSs on the 1:50,000 scale.
It is important that, along with the predominant Ag, Au-Ag AGFs were not detected when surveying LSSs on the 1:200,000 scale. Distinctly, from the centre to the periphery, a sequence of lateral geochemical zonality was observed, expressed in the alternation of different types of polyelement AGFs (element associations): Ag and Au-Ag → Ag-Pb → Sn-Ag. This sequence is a reflection of the previously identified primary vertical geochemical zonality in the Au-Ag Dukat deposit [56, 80, 102, 105] . It may be argued that the element composition of the exogenous AGFs, identified through LSSs when conducting the survey on the 1:50,000 scale, unlike the surveys on the 1:200,000 scale, is fully consistent with the composition and structure of drained and eroded ore zones.
Despite the number of the above advantages, there is an important circumstance that makes it difficult to perform surveys of LSSs on the 1:50,000 scale for ore mineralization prospecting. It is impossible to take alluvial samples from the watercourse heads, where, in cryolithogenesis conditions, the loose sediments are poorly formed and often non-existent. This may be due to the sod cover of watercourses' heads, their temporary nature, the effects of freezing temperatures on the mechanical and, especially, chemical weathering processes as well as the river material transfer. As a result, watercourses of the first-order are often made of coarse-grained sediments with rare manifestations of large, poorly rounded pebbles. The alluvial sediments required for sampling are fragmentary, absent or formed with a severe shortage of the sandy silt material that concentrates most of the ore elements. All this is especially true in cryolithogenesis zones, where the main process that forms LSSs is considered to be physical weathering. It is obvious that, in such situations, it becomes necessary to carry out detailed research to develop additional methods that are able to eliminate the above disadvantages. We have carried out this work. We have established that, when sampling the first-order watercourses, it is effective to carry out bryolithochemical research and study the binding forms (BFs) of element indicators in LSSs and in ores with their subsequent comparison.
Bryolithochemical Research When Prospecting for Gold-Silver Mineralization Based on the Stream Sediments
G.P. Lapaev began to use aquatic mosses in the ore deposits for the first time when prospecting along watercourses in the USSR [106] . The essence of his method was to study the distribution of trace elements in surface fresh waters by selecting the aquatic mosses growing in them, carefully washing from them the sandy silt fraction. Later, aquatic mosses were also used by V.A. Zagoskin [107] . In contrast with G.P. Lapaev's method, the element concentration determination is performed not with the ash of purified aquatic mosses but with the moisture obtained from pressing them. All the proposed methods have been named bryogeochemical ones and are, in fact, a kind of hydrogeochemical method. Foreign researchers have also used mosses to search for minerals [108] [109] [110] . Their proposed methods are similar to those used by G.P. Lapaev.
The complexity of all the above bryogeochemical methods [106] [107] [108] [109] [110] stems from the necessity of searching for aquatic mosses. Their existence requires an aquatic environment, which is practically absent in temporary watercourses of the first-order. In addition, the ash microelement composition of aquatic mosses reflects not so much the biogeochemical stream's sediment composition but the river water's mineral composition. The chemical element content in the mosses supplying the water is significantly lower than that of the material of river sediments. Among other things, the burning of pure moss significantly reduces the ash content percentage, which, in turn, requires the initial sample selection to be sufficiently large by weight. One more serious drawback of the previously proposed methods is the operational complexity of separating the alluvium from the moss cushion. Our version of bryolithochemical method [111] is free from these disadvantages.
Special bryolithochemical research was carried out for the development of this procedure. It was conducted at the Chaika site of the Dukat Au-Ag deposit along the first-order watercourses draining the Au-Ag ore zones (see Figure 2 , Section 2.2, and Figure 29 ). The choice of just this site can be explained by the fact that there was an opportunity here to sample both the mosses together with the silt and sandy silt material that is firmly held by the moss cushion ( Figure 30 ), and the traditional lithochemical material. This is necessary for further comparing the element contents in bryolithochemical stream sediments (BSSs) and LSSs. The whole sampled material was divided into two samples-lithochemical and bryolithochemical samples. In the first sample, silt-sand material was separated from the moss cushion. The second sample was a moss with mostly silt material that was difficult to separate. To compare the element contents in all the samples, at sites where alluvium was formed fragmentarily, a lithochemical sample consisting mainly of sandy material was taken in the traditional way.
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The initial data obtained regarding the material composition of bryolithochemical samples by EPMA are of considerable interest. A large number of non-metallic mineral fragments (quartz and feldspar) and Fe and Mn hydroxides were detected in such samples. Ore minerals are represented by finely dispersed electrum particles (<10 µm), silver mineral relics and strongly destroyed small grains of pyrite, sphalerite, and galena. According to the preliminary data, Au (up to 0.61 wt %) constantly presents in small particles of arsenic pyrite in the form of an impurity. The particles, consisting of Au and Ag, do not often exceed 1-2 µm. They tend to connect in aggregates, the size of which reaches 50 µm (Figure 31 ). Inside these aggregates, the particles are distributed very unevenly. They are represented, as in ores, by electrum and the severely destroyed silver sulphosalts. The initial data obtained regarding the material composition of bryolithochemical samples by EPMA are of considerable interest. A large number of non-metallic mineral fragments (quartz and feldspar) and Fe and Mn hydroxides were detected in such samples. Ore minerals are represented by finely dispersed electrum particles (<10 μm), silver mineral relics and strongly destroyed small grains of pyrite, sphalerite, and galena. According to the preliminary data, Au (up to 0.61 wt %) constantly presents in small particles of arsenic pyrite in the form of an impurity. The particles, consisting of Au and Ag, do not often exceed 1-2 μm. They tend to connect in aggregates, the size of which reaches 50 μm (Figure 31 ). Inside these aggregates, the particles are distributed very unevenly. They are represented, as in ores, by electrum and the severely destroyed silver sulphosalts. Based on the research carried out, we can conclude that the concentration levels of ore elements, primarily Au and Ag, in bryolithochemical samples significantly exceed those identified in lithochemical samples. Moss cushions are an effective natural trap extracting finely dispersed lithoparticles from the water suspension of present watercourses, even temporary ones. Along with the main vein minerals (quartz and feldspar), these particles are represented by electrum, silver mineral relics and strongly destroyed grains of simple sulphides, which largely reflect the peculiar properties of the primary ore's material composition.
The Binding Forms of Element Indicators of Gold-Silver Mineralization in Lithochemical Stream Sediments
A detailed study of the distribution peculiarities and BFs of mineralization element indicators in LSSs, like bryolithochemical research, was carried out at the Chaika site of the Dukat Au-Ag deposit (see Figure 2 , SubSection 2.2, and Figure 29 , Subsection 4.3) [23, 24, 29] . Ores, relative to typical epithermal Au-Ag mineralization, are preserved best here [56] . The study of the alluvium material composition of the watercourses draining these ores was initiated by means of a polarizing light microscope. Quartz, feldspar, Fe oxides and hydroxides are the most prevalent. As for alluvium secondary minerals, anglesite, cerussite, chalcocite, covellite, manganese hydroxides and oxides occur more rarely. Preserved close to the primary minerals, they are seldom present. Poorly destroyed minerals, oxidizing to varying degrees magnetite and rarely galena, were well diagnosed. Individual galena grains can be found either in the rim of cerussite-anglesite or in a relic form. Fragments of other sulphides are even more rare. These are pyrite, chalcopyrite and sphalerite. Small grains (0.01-0.005 mm), with a high reflective index, which we could not identify with an optical microscope, are presumably attributable to silver-containing formations. In the course of the work, it became obvious that the study of ore element BFs in loose alluvial sediments of watercourses is ineffective using traditional mineralogical methods. The successful solution of such types of tasks is directly related to the determination of the substance composition in micron Based on the research carried out, we can conclude that the concentration levels of ore elements, primarily Au and Ag, in bryolithochemical samples significantly exceed those identified in lithochemical samples. Moss cushions are an effective natural trap extracting finely dispersed lithoparticles from the water suspension of present watercourses, even temporary ones. Along with the main vein minerals (quartz and feldspar), these particles are represented by electrum, silver mineral relics and strongly destroyed grains of simple sulphides, which largely reflect the peculiar properties of the primary ore's material composition.
A detailed study of the distribution peculiarities and BFs of mineralization element indicators in LSSs, like bryolithochemical research, was carried out at the Chaika site of the Dukat Au-Ag deposit (see Figure 2 , Section 2.2, and Figure 29 , Section 4.3) [23, 24, 29] . Ores, relative to typical epithermal Au-Ag mineralization, are preserved best here [56] . The study of the alluvium material composition of the watercourses draining these ores was initiated by means of a polarizing light microscope. Quartz, feldspar, Fe oxides and hydroxides are the most prevalent. As for alluvium secondary minerals, anglesite, cerussite, chalcocite, covellite, manganese hydroxides and oxides occur more rarely. Preserved close to the primary minerals, they are seldom present. Poorly destroyed minerals, oxidizing to varying degrees magnetite and rarely galena, were well diagnosed. Individual galena grains can be found either in the rim of cerussite-anglesite or in a relic form. Fragments of other sulphides are even more rare. These are pyrite, chalcopyrite and sphalerite. Small grains (0.01-0.005 mm), with a high reflective index, which we could not identify with an optical microscope, are presumably attributable to silver-containing formations. In the course of the work, it became obvious that the study of ore element BFs in loose alluvial sediments of watercourses is ineffective using traditional mineralogical methods. The successful solution of such types of tasks is directly related to the determination of the substance composition in micron inclusions and only through local methods, such as EPMA [93] [94] [95] [96] . The binding forms of Au, Ag, Hg, Sb, As, Pb and Zn, the basic element indicators for the Au-Ag mineralization type, were investigated.
Gold in alluvial sediments, as well as in ores, is represented by electrum micro-and fine-dispersed particles, which are heterogeneous in composition and reduced in fineness (330-480% ). Electrum submicron inclusions of the same fineness were identified in pyrite. Pyrite is a main concentrator of Au in ores and a carrier in halo zones, including loose sediments of LSSs. In this sulphide, 90% or more is shared with the "invisible" Au. A high content of admixed Au (up to 0.41 wt %) was detected in arsenic pyrite, which is still lower than in pyrite of bryolithochemical samples (see Section 4.3) . In addition to pyrite, the mineral concentrators of "invisible" Au include Fe hydroxides (up to 0.91 wt %) and silver minerals-destroyed acanthite grains (up to 0.73 wt %) and sternbergite (up to 0.70 wt %). Gold, bound with Fe hydroxides and sulphide minerals, after their destruction and oxidation, is easily leached by conventional natural acids, passes into a mobile form and has a significant impact on the LSS formation of this element, even in the conditions of cryolithogenesis zones. Contrary to the traditional view that the main role in the LSS formation in permafrost regions is played by physical weathering, it can be argued that no less important role belongs to the processes of chemical weathering (dissolution, oxidation, sorption, and chemisorption). This refers not only to Au but also to other element indicators of Au-Ag mineralization, which are discussed below.
Silver in LSSs, as well as in ores, is the most prevalent. Its mineral BFs are represented mainly by acanthite, the grains of which are corroded and oxidized to varying degrees. A significant part of them has a hypergene appearance. As impurities in acanthite, Pb, Cu and Se are observed ( Figure 32 , Table 6 ). Native silver, kustelite and sternbergite are much rarer. Native silver, as well as Au, is represented by finely dispersed particles (<10 µm). Hypergene segregation of native Ag and sternbergite was often observed during the decomposition of silver-containing base-metal minerals. Relic segregation of acanthite-sternbergite was identified in the Fe hydroxides. Among the Ag sulphosalts, pyrargyrite and proustite were observed-minerals that are characteristic only of the supra-ore and upper-ore horizons of the Dukat deposit and that, with a sufficient degree of probability, can speak in favor of the positive prediction of deep mineralization. inclusions and only through local methods, such as EPMA [93] [94] [95] [96] . The binding forms of Au, Ag, Hg, Sb, As, Pb and Zn, the basic element indicators for the Au-Ag mineralization type, were investigated. Gold in alluvial sediments, as well as in ores, is represented by electrum micro-and fine-dispersed particles, which are heterogeneous in composition and reduced in fineness (330-480‰). Electrum submicron inclusions of the same fineness were identified in pyrite. Pyrite is a main concentrator of Au in ores and a carrier in halo zones, including loose sediments of LSSs. In this sulphide, 90% or more is shared with the "invisible" Au. A high content of admixed Au (up to 0.41 wt %) was detected in arsenic pyrite, which is still lower than in pyrite of bryolithochemical samples (see Subsection 4.3) . In addition to pyrite, the mineral concentrators of "invisible" Au include Fe hydroxides (up to 0.91 wt %) and silver minerals-destroyed acanthite grains (up to 0.73 wt %) and sternbergite (up to 0.70 wt %). Gold, bound with Fe hydroxides and sulphide minerals, after their destruction and oxidation, is easily leached by conventional natural acids, passes into a mobile form and has a significant impact on the LSS formation of this element, even in the conditions of cryolithogenesis zones. Contrary to the traditional view that the main role in the LSS formation in permafrost regions is played by physical weathering, it can be argued that no less important role belongs to the processes of chemical weathering (dissolution, oxidation, sorption, and chemisorption). This refers not only to Au but also to other element indicators of Au-Ag mineralization, which are discussed below.
Silver in LSSs, as well as in ores, is the most prevalent. Its mineral BFs are represented mainly by acanthite, the grains of which are corroded and oxidized to varying degrees. A significant part of them has a hypergene appearance. As impurities in acanthite, Pb, Cu and Se are observed ( Figure 32 , Table 6 ). Native silver, kustelite and sternbergite are much rarer. Native silver, as well as Au, is represented by finely dispersed particles (<10 μm). Hypergene segregation of native Ag and sternbergite was often observed during the decomposition of silver-containing base-metal minerals. Relic segregation of acanthite-sternbergite was identified in the Fe hydroxides. Among the Ag sulphosalts, pyrargyrite and proustite were observed-minerals that are characteristic only of the supra-ore and upper-ore horizons of the Dukat deposit and that, with a sufficient degree of probability, can speak in favor of the positive prediction of deep mineralization. Figure 32 (a,d) : 1-20-the identification points of the element contents indicated in Table 6 . Figure 32 (a,d) : 1-20-the identification points of the element contents indicated in Table 6 . Mercury is one of the important element indicators accompanying Au-Ag mineralization. It is typical of supra-ore and upper-ore horizons. This element's main BFs in ores are adsorbed and isomorphous ones. The major mineral concentrators are sphalerite, galena, Ag sulphosalts, argentite, native Ag, kustelite and electrum. The Hg sulphide form, cinnabar, observed in other Au-Ag deposits in the north-east of Russia, was identified neither in ores nor in the halos of the Dukat deposit's Au-Ag zones [56, 102] . In the alluvial sediments of watercourses draining Au-Ag ores, along with relics of primary minerals containing Hg up to 1 wt %, secondary minerals are widely prevalent. These are Fe oxides and hydroxides containing up to 0.5 wt % Hg and secondary formations of Ag, Pb and Zn containing up to 0.2 wt % Hg. Mercury's admixture is often associated with corroded grains of acanthite and sternbergite and more rarely with kustelite and native silver.
Antimony and arsenic, as well as Hg, are typical of the supra-ore and upper-ore horizons of Au-Ag ore zones [56, 102] . Despite the fact that, in the area of the Dukat deposit, these elements form a very contrasting LSS, their own mineral forms in alluvium are extremely rare, mainly appearing as pyrargyrite. Sb and As were identified as impurities in pyrite, chalcopyrite and Ag sulphides. These elements' adsorbed forms are widely prevalent in Fe hydroxides. In addition, grains corresponding to pitticite composition were detected; this in turn is a product of arsenopyrite destruction, forming in hypergene environments in poorly soluble forms. Arsenopyrite, which is not typical of volcanogenic Au-Ag ores, has a fairly wide distribution in the Dukat deposit, mainly in the hosting rocks in the development zones of areal sulphide mineralization. Its appearance in the stream sediments indicates the influence of the hosting rocks on their formation and explains the wide manifestation of As AGFs throughout the entire deposit area. It can also explain the fact that a significant part of the As anomalies detected in the territory of the Dukat OFS are related not only to Au-Ag but in general to profitable ore mineralization.
Lead in loose alluvial sediments of LSSs is rarely manifested as individual grains, mainly either in the rim of cerussite-anglesite or in relic form. The association of anglesite with acanthite is observed (see Table 6 ). Fe hydroxides are often found, forming joint rims around galena and sometimes creating thin concentric zonal and looped structures. Galena needles are met, developing in largely corroded magnetite. In some cases, these segregations are developed quite intensively and almost completely replace the entire grain of magnetite.
Zinc, against the background of relatively low contents in LSSs, is represented most often by an admixture, mainly in Fe hydroxides and in pyrite. It is extremely rare for its own mineral forms to be observed and to varying degrees, oxidized and corroded single crystals of sphalerite or intermetallic compounds of Zn with Cu. Similar compounds have been found in primary ores [112] . Most often sphalerite is in the rim of Ag-containing minerals.
Comparing the BFs of Au, Ag and their accompanying elements (Hg, Sb, As, Pb and Zn) in LSS loose alluvial sediments of the Dukat deposit's Au-Ag zones, we can see that their material composition is closely related to the Au-Ag ores' composition (see Section 2.2). In watercourses' alluvial sediments and in the ores, the finely dispersed native Au (electrum), "invisible" Au in sulphides, native Ag, kustelite, silver sulphides (acanthite and sternbergite) and silver sulphosalts (pyrargyrite), pyrite, galena, and sphalerite are the main ones.
Conclusions
Surveys of LSSs on the 1:200,000 scale in the conditions of cryolithogenesis zones in the mountainous regions of the north-east of Russia are the most effective in poorly studied territories, where information about the geochemical features and metallogeny of the region as a whole is absent. A regional survey of LSSs allows basic information about the metallogeny of the entire region to be obtained in a relatively short time. Metallogenic specialization in the studied Au-Ag area is distinctly manifested only in respect of Ag, Pb and Sn. Small-scale surveys of LSSs allow to establish the regional geochemical zonality: less eroded areas in the west (the Dukat Au-Ag OFS) are characterized by Ag, Ag-Pb and Sn-Ag AGFs and more eroded areas in the east (associated with Dukat Au-Ag OFS areas) by Sn, Sn-W and Mo-W AGFs.
However, there are significant drawbacks. Exogenous AGFs detected from such surveys have lower contrast. A decrease in the fields' natural contrast was identified, resulting in the simplification of their main component composition in the direction of the primary halo → secondary halo → stream sediments. In some cases, violation of the qualitative and quantitative functional relationships happens between the elements. All this complicates the study of the composition, construction and AGF development scope. In other words, the exogenous AGF typification and zonality identification become difficult-the main indicator used to assess the level of ore zones' erosive profile, the assessment of the mineralization type and, as a consequence, the estimation of their profitable value become less efficient.
The survey of LSSs on the 1:50,000 scale carried out within the Dukat Au-Ag deposit and associated area showed that, in the interpretation of such anomalies at the stage of prospecting and evaluation, the sampling of first-order watercourses is effective. Alluvial sediments of watercourse heads are characterized by the highest element concentrations, primarily Au. As a result, the number of anomalies revealed increases significantly, and increased concentrations of elements in channel sediments, in most cases, are directly dependent on the presence and type of drained ore mineralization. Besides, the AGFs revealed during the survey of LSSs on the 1:50,000 scale are fully consistent with the composition and construction of eroded and drained ore objects, and the identified exogenous geochemical zonality is a reflection of the endogenous one.
However, there is an important circumstance, which makes such survey difficult to carry out. The alluvial sediments of the first-order watercourses required for sampling are fragmentary, absent or formed with a sharp deficit of sandy silt material concentrating most of the ore elements. Discontinuity and extremely uneven distribution of mineralization element indicators while transporting material are typical of LSSs. This is especially true for cryolithogenesis zones, where physical weathering is considered to be the main process forming LSSs.
In such situations, a positive result can be obtained using the bryolithochemical method that we developed. It not only allows researchers to carry out sampling in watercourse heads, where alluvial sediments are poorly or not at all formed, but also makes it possible to obtain more reliable information about the anomalies' presence or absence. In the example of the behavior of Au and Ag in bryolithochemical stream sediments, which are the main element indicators of the Au-Ag mineralization type, it was found that their concentration in bryolithochemical samples is considerably higher than in lithochemical ones.
It was shown that the element indicator BFs in BSSs and LSSs can be used as an effective additional criterion for the interpretation and evaluation of the identified anomalies. It was established that these BFs, generally agree with these elements' BFs in ores, and sufficiently reflect the peculiarities of their mineral and geochemical composition. It was shown that moss cushions are an effective natural trap for finely dispersed fractions of alluvium. They extract not only small but also finely dispersed particles of minerals, up to submicron ones, from the water suspension of actual watercourses, even temporary ones.
The implemented investigations have shown that the revealed regularities can be applied successfully at all stages of the geochemical study of ore-bearing areas, from expectation assessment in poorly studied territories to detailed work on already-known ore objects. The proposed methods for exogenous AGFs' identification and the criteria developed for their evaluation are quite simple and effective. They may also be used at all stages of prediction and prospecting for ore mineralization, primarily Au-Ag, not only in the north-east of Russia but also in other regions where the LSS formation occurs in cryolithogenesis zones.
